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SUMMARY

corrosiontheoryofadherence
andsteelwasinvestigatedas

Thegalvanic
porcelainenamels
ofthebondingmechsnismbetweenceramicsandmetals.Thetheory,which
isoutlinedindetailinthisreport,isbasedonthe~chanicalanchoring
oftheensmelintothepitsfomedbythegalvanicattackoftheenamel
onthesteelsurface.ThetheorywasfirStexaminedfromthe6’~6JLd@nt

ofthedataonadherenceobtainedinearlierstudiesattheNational.
BureauofStandards.Inaddition,severalexperimentswereperformed
whichdemonstratedthatgalvaniccorrosionofthemetalbasecouldoccur
duringtheshortfiringtimesencounteredinenamelprocessing.Onthe
otherhand,certaininconsistencieswereobservedinthedatawhich
indicatedthatthemechanismofgalvsnicattackfollowedbymechanical

d anchoringwasnottheonlyimportantfactoraffectingthebondstrength.

INTRODUCTION

recentlycompletedattheNationalBureau

.

Twoinvestigationswere
ofStandardsthathavea definitebearingontheoriesheretoforeadvanced
forexplainingtheadherenceofvitreousbasecoatstosteel.Thefirst
oftheseinvestigations,whichinvolvedtheuseofradioactivetracers,
showedthatcobaltfromtheensmellsyerplatesoutonthesteelduring
a normalfiringoperation(ref.1). Thesecondinvestigation,a report
ofwhichwaspreparedsimultaneouslywiththepresentpaper,showedthat
thereisa positivecorrelationbetweentheroughnessofthecoating-
metalinterfacesndthemeasuredadherence(ref.2).

Thevariousexplanationsforthefunctionofcobaltoxideinground-
coatensmelswerereviewedinthelightofthesenewfindings.1One
theorythatappearedtobeinagreementwiththeobservedphenomenawas

u lAbriefsunmaryofthevarioustheoriestoexplainthefunctionof
cobaltinground-coatenamelsisgiveninreference1.
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thegalvaniccorrosionhypothesis.
Prof.AdolphDietzelin1935(ref.
acceptanceasa validexplanation,
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Thiswasfirstpostuktedby
3). Thetheoryhadnotgainedwide
possiblybecauseDietzelfailedto

establishthatgslvanicattackoftheironbythecobalt-bearingensmel
did,infact,occurduringa normalfiringoperation.However,because
oftheapparentpromiseofgalvaniccorrosioninexplainingtheobserved
adherencephenomenawithground-coatenamels,a moredetailedexamina-
tionofthehypothesiswasbelieveddesirable.Numerousexperiments
werethereforeperformedinanattempteithertoconfirmortodisprove
thetheory.

Theworkdescribedinthepresentpaperconstitutesa partofa
broadstudyontheadherenceofceramicstometalwhichcurrentlyis
beingcarriedoutattheNationalBureauofStandardsunderthesponsor-
shipandwiththefinancialassistanceoftheNationalAdvisoryCommittee
forAeronautics.

THEGALVANICCORROSIONTHEORY

A schematicdrawinghasbeenfoundhelpfulinexplainingthegalvanic
corrosiontheory.Figure1 isa drawingofthistype.Itshowsa
sequenceofhighlymagnifiedinterfacesbetweenironandtwoground-coat
enamelsatthreest~esofa normalfiringperiod.Figurel(a)shows
thechangeininterfacewithfiringtimefora cobalt-freegroundcoat
whilefigurwl(b)illustratesthechangeininterfacewhena smallsmmnt
ofcobaltoxideispresent.Itisassumedforthisschematicdrating
thattheironwaspolishedflatbeforetheensmelswereapplied.

Firstconsidertheenamelwithnocobalt.Thediagrsmontheleft
infigurel(a)representstheconditionoftk interfaceshortlyafter
thecoatinghasdissolvedtheoxidelayer,thatis,quiteearlyinthe
firingcycle.Thereofcoursewild.be scm oxidationoftheiron~fore
theenamelfuses,butintheschematicdrawingtheinterfaceisconsidered
atthestsgejustfollowingthetimewhentheoxidelayerisfirstdis-
solved. Theseconddiagraminfigurel(a)representstheconditionof
theinterfacea minuteortwolater;andth thirdpicture(fig.l(a))
representstheinterfacetitera normalfiringof4 to6minutes.T&
distancetotheinterfacefrcmthereferenceline,drawninthefigure
asanextensionoftheinterfacelineintkefirstsketch,represents
thedepthofcorrosionatanylocation.Thedrawing,whichwasmade
afternumerousobservationsofsectionsunderthen&Allographicmicro-
scope,showsthattheironisbeingcorroded,butthatitisbeing
corrodedunifomily,Theinterfaceisstillsmoothtitera nozmalfiring
andbecauseof thissmoothnesstherecm benomechanicalanchoringof
thecoatingtothemetal.Someadherencewilldevelopwitha smooth

.

.
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interfaceofthistype,butaccordingtothetheoryitwillbea weak
typeofadherence.Infact,unlessspecialsteelsareused,suchas

* a titanium-hearing,low-carbonsteel,anenamelthatcontainsnoadher-
enceoxideswillflakefrm themetaloncooling,becauseofexcessive
hydrogenpressureattheinterface(ref.4).

Thecorrosionoftheironwhencobaltionsarepresentinthe
ensnellayerisofa differenttype.Whenanensmelfuses,itfirst
wetstheoxidelayerthatisformedontheironduringt~ heatup,that
is,whiletheinitiallycoldspecimenisapproachingfurnacetemperature.
ASsoonastheoxidelayerisdissolved,cobaltframthegroundcoat
beginstoplateoutinthecathodicareasoftheironsurface.This
isshownschematicallyinthefirstdiagrsminfigurel(b).

~t” metalliccobaltdoesinfactdepositontheironduringa
normalfiringwasdemonstratedbytheradioactivetracerwork(ref.1)
andbytherecentX-rayspectrographicstudyofPatrickandcoworhrs
(ref.~). Thatthecobaltwouldplateoutfirstoncathodicareasof
theironsurfaceisinkeepingwiththegalvaniccorrosiontheory.
MearsandBrown(ref.6) listasmanyas10differentfactorsthatwill
producepotentialdifferencesona metal.surfaceimmersedinanelec-
trolyte.Themoltenground-coatensmelisanelectrol@ehavinga con-
ductivityatthefiringtemperatureestimatedtobeofthesameorderof
magnitude”asthatofa moltenglasshighinalkaliorabout0.20mho
(ref.7). Itislogicaltobelievethatpoteptialdifferencescould

9’ existonanironsurfacecoveredwithenamel,fromsuchfactorsasthe
grainboundariesbeingsmdicwithrespecttbgraininteriors,or one

metalgrainatthesurfacebeinganodicwithrespecttoanadjacent
. grainwitha differentorientation.Assumingthatsuchpotentialdif-

ferencesdoexist,cobaltwillplateoutfirstonthecathodicareas.
TheplatingreactionmightbewrittenFe+ Co** Fe+++ Co. Onesuch
areaisshownschematicallyinthefirstdiagrsminfigurel(b).The
instantthe-cobaltmakeselectricalcontactwiththeirona tinygalvanic
celJ_isfomedinwhichtheironactsastheanodesndthecobalt-plated
areaasthecathode.

Theseconddiagraminfigurel(b)isschematicofthesamecella
minuteortwolater.Inthispicture,ironisgoingintothemolten
enamelasFe* ions.Electronsaregivenupintheprocess.These
flowtothecobalt-platedareawheretheycreatea reducingcondition.
Anyaerialoxygendissolvedintheglasscouldpickuptheseelectrons
andbecomeo--ions,andanyeasilyreducedmetallicoxides,orfor
thatmatterevendissolvedwaterintheglass,
Forthegalvaniccelltofunction,therewould
ofo--ionsformedatthecathodeasthereare*

wouldtendtobereduced.
needtobethesamenumber
Fe* ionsattheanode.

.
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Therefore,ifthesupplyofoxygenatthecat~odeshouldbe shutoff
foranyreasontheflowofelectronscouldnotcontinueandthe
corrosionprocesswouldcometoa stop.

9

Thegalvaniccellactionwould,ofcourse,producea preferential
attackontheironsurface.Thisisshownschematicallyinthesecond
diagraminfigurel(b).Itiseasytovisualizethatthecathodicareas
asillustratedinthisdiagramwouldprovideanchorpointstokeythe
coatingtothemetal.Corrosionwouldbeproceedingrapidly,however,
andthestageshowninthisdiagramwouldchangewithfirhgtimetcr
thestageshowninthethirddiagramoffigurel(b),inwhichcontinued
corrosionhascauseda fragmentofthesteeltobecomedetached.2

Figure2 isa h@hlymagnifiedinterfacebetweena cobaltenamel
anda polishedironsurface.Thespecimenfrcxnwhichthesectionwas
cutwasfiredfor4 minutesat1,575°F. Itisnotdifficulttoconceive
thatseveralofthemetallicparticlesneartheintetiaceinthisphoto=
micrographwerestillattachedtotheunderlyingmetalonlyshortly
beforethefiringwasterminated,justasthesegmentofmetslillustrated
intheseconddiagramoffigurel(b)isshownasbecomingdetachedinthe
thirddiagrsmoffigurel(b).However,cobaltionsarestillpresent
inthecoatingatthestageshowninthethirddiagram(fig.l(b)).
Hence,whilesomesnchorpointshavelosttheireffectiveness,new
galvanlccellssmdconsequentlynewanchorpointscanform.Theinter-
facecan,infact,belookeduponasbeingina constutstateofflux,
butitisoneofthereqtiremntsofthegalvanictheorythataslongas
a lsrgenumberoftheseanchorpointsareattheinterface3thecoating
willshowthestrongadherencethatistypicalofcobalt-bearingensmels.

Thegalvanictheoryasoutlinedabove,whilecontainingmanyofthe
authors’ownconceptionsofthemechanism,isstill.insubstantialagree-
mentwiththehypothesisoriginallypresentedbyDietzel(ref.3). !Phe
picturegivenbyDietzelwasasfollows:Theprecipitatednickel(or
cobalt)incontactwiththeironbasefozmsa couple,orshort-circuited

% schematicdrawing,likea metallographicsection,isa two-
dimensionalrepresentationofa three-dimensionalphenomenon.Therefore,
althoughthemetallicglobuleillustratedinthethirddiagramoffig-
urel(b)appearstobedetachedfrom.thebasemetal,itmayactuallybe
joinedeitheraboveorbelowtheplaneofsectioning.Carefulstudyof
actualsectionsafteretchingwithhydrofluoricacidindicatesthatmany
oftheseglobulesthatappearneartheinterfaceare,infact,still
joinedtothemetal.

%eference2 showsa cobaltenameltohaveapproximately600anchor
pointspercentimeteraftera nomalfiring.Squaringthisvaluegives
360,000anchorpointspersquarecentimeteror37,152,000anchorpoints
ononefaceofa 4-byi-inchspecimen.
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. localcell,inwhichironistheanodeandnickel,thecathode.The
current(positiveelectricity)flowsfromtheironthroughthemelt
(moltencoatingmaterial)tothenickelandbacktotheiron.During. firing,thesecouplesarenotexhausted,becausethereisu abundance
ofironontheanodesidesmddiffusingatmosphericoxygenhasa
depolarizingactiononthecathdeside.Theresultisthattheiron
goescontinuouslyintosolution,thesurfacebecomesroughened,andthe
ensmelanchorsitse~intotheholes.

Staley(ref.8)wasoneofthefirsttobelievethatcobaltplated
outontheironduringa normalfiringofanenamelgroundcoat.At
thessmetime,Staleydidnotassociatetheplating-outactionwith
galvmicattackontheironsurfacebut,onthecontrary,believed
thatthecobaltplatingretardedoxidationoftheiron~d thuspreserved
theroughgrippablesurfaceimposedbyacidpickling.

EXPERIMENTALPROCEDURESANDRESULTS

Corrosionofanodeincoatedmetal-to-metalcouples.-Ininves-
tigatingthevalidityofthepreviouslydescribedtheory,itwasdesirable
to-learnwhethergalvsniccorrosioncouldoccurundertheconditions
encounteredduringtheshortfiringperioflsusedinapplyinganensmel
tosteel.Toobtainsuchinformation,severalexperimentswerepefiormed.

i Thefirstofthesee~erimentswasmadebyelectroplatingcobalton
thelowerhalfofsnironspecimenand,afterapplicationofa porcelain
enamelfreeofadherenceoxides. ,sectioningthespecimentodetermine
whethertherewasanyincreaseincorrosionoftheironsurfaceatthe
pointwhereitmetthecobaltplate.Thismethodgaveinconsistent
results.Goodadherenceoftheelectroplatedcobalttotheironwasnot
achievedinallcasesnorwasthedemarcationbetweentheedgeofthe
platedcobaltud theironalwaysclearlydefined.

Toovercomethesedeficienciesa newtechniquewasdevisedinwhich
plugsofiron3/16inchindismeterwere“cold-forged”intoholespunched
outof3/4-by2-byO.Ox-inchsheetsofcobalt,nickel,andcopper,
respectively.Inaddition,berylliumandcopperplugswerecold-forged
intospecimensofiron.Thecold-forgingoperationwasperfomedby
vigorouslyhemmeringtheplugsintothespecimenona flatanvilsurface.
Afterforging,onesurfaceofthespecimenwasgroundandpolished.A
groundcoat,freeofadherenceoxides,wasthenappliedtothepolished
faceonlyandthespecimensubjectedtoa normalfiring.Aftercooling,
thespecimenwasexsminedvisuallyafterwhichitwassectionedthrough
theplug.n
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Thevisualobservationsyieldedvaluable
usedfortheexperimentswasfreeofcoloring

information.
oxides.When
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Theenamel
firedinair

ona metalbasesuchascopper,iron,orcob~t,thecoatingpickedup
metalionsthatcoloredtheglassandthechangeincolorintensity-
couldbetakenasa qualitativemeasureofthesmountofoxidationor
corrosionofthemetalbase.Figure3 showsthechangesinshadingin
thecaseofthecopper-ironspecimens.Infigure3(a)thedark%~dat
theperipheryoftheironinsertindicatesa greatercorrosionoverthis
area.The“halo”overthecoppersurroundingtheinsertisbe~evedto
indicatecathodicprotectionofthecopperbytheiron.Itwasmuch
lighterincolorthantheremainderofthecoppersheet,wherethere
wasnotsufficientcathodicprotectiontopreventtheintroductionof
copperionsintothecoating.Thediminutioninnuniberofbubblesin
theenamelatthehaloisa phenomenonforwhichtheauthorshavefound
no satisfactorye@.anationoInfigure3(b),theareaoftheanode
(iron)waslargewhilethatofthecathode(copper)wassmall.Much
lesscorrosionoftheironoccurredundertheseconditionswhichindicates
thatthesystemwasundercathodiccontrol(ref.9).

Whentheaforementionedspecimensweresectionedandthejunctions
exsminedunderthemicroscope,thevisualobservationwasconfirmed.
Ontheironinsertinthecobaltspecimnthecorrosionoftheironwas
foundtobeconcentratednearthe~unction,asshowninfigure4,4but--
fortheironinserth copperthecorrosionexlxmdedbacksomedistance
fromthejunction.Anotherobservationofinterestwasthepresenceof
anoxidelayerontheironnearthejunctionoftheiron-in-copper
specimenindicatingthattheironoxidewas”formingfasterthantheglass
wascapableofdissolvingit.

Inmostcasesnoappreciableslippageofthepluginthespecimen
holeoccurredduringthefiringoperation,althoughwhatmightbecon-
sideredastruewelding(inwhichdiffusionduringfiringprobably
p~ed a Pm) wasnoted0~ intk caseofth iron-cobaltjunctions.

DepthofcorrosionofironduringfirIng.-Galvaniccorrosion
usuallyproducesm-acceleratedattackontheanodicmemberofthecell.
Todete&inewhethersuchisthecasewhena cobalt-bearinggroundcoat
Isappliedtoanironbase,thefollowingtestsweremade:A small
(O.0~3-inchdismeter)holewasdrilledineachofa seriesofingot-iron

.

“

v.

.

4Secticmsthroughthecobalt-platedspecimensthathadbeenensmel.ed
alsoshowedmorecorrosionoftheironadjacenttotheiron-cobaltjunc.
tion,thusrulingoutthepossibilitythatlocalcold-workofthemetsl
duringthecold-forgingoperationcouldhavebeenresponsibleforthe
observedeffects.
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specimens,d a wireofgolddent~~OY 0.052~ch indiEu@er.J
insertedintoeachhole.5Thewirewascutoffalmostflushwith

7

was
the

ironsurface,andthewirethenbrazedintotheholewithano~gas
U torch,boraxbeingusedasa flux.Thesutiaceofeachspecimenwas

nextgroundflatsndpolishedafterwhichfourofthespecimenswere
coatedwitha typicalground-coatensraelcontaining0.8percentcobalt
oxide(C0304)a motherfourcoatedwiththesameensmelexceptthat
itcontainednocobaltoxide.Thefiringtimesat1,5~0F were2,4,
8,and16minutes.

Figure5 showsaphotomicrographofa sectiontakenfromthe
specimenwiththecobalt-freeensmelwhichwassubjectedtothe2 min-
utes’firingtime.Thegoldalloyservesasa referencelineindicating
theoriginalleveloftheironsurtace.Theincreasedattacknearthe
junction,whichisundoubtedlycausedbygalvanicaction,isnotperti-
nenttothisparticulare~erknt. Theimportantobservationinfig-
ure5 isthedistuced. Thiswastakenasameasureofthedepthto
whichtheironcorrodedduringfiring.Inthecaseofthespecimens
coatedwithcobalt-bearingenamels,theinterfacewasnotsmoothand d
wasmeasuredtothebottomofthepitsintheironsurface.It~S
assumedinall.ofthemeasurementsofthist~e thatthegoldalloydid
notoxidizeandthereforethatitssurface=inta~d thes- level
throughoutthevariousfirin@.

Figure6 showsthedepthofcorrosionplottedagainstfiringtime
forboththecobalt-bearingandcobalt-freeenamels.Itisevidentfrom& thesecurvesthatcobaltdoesinfactacceleratethecorrosionofthe
ironjustasthegalvanictheorywouldimply.However,becausethe
corrosionwasnonuniformwhencobaltwaspresentintheensmel,the.
differencesintheamountofironoxidizedarenotsogreatasmightbe
inferredfromthecurves.Asmentionedpreviously,thedistanced for
thecobalt-bearingenamelswasmeasuredtothebottomofthepits.The
normalcorrosion,thatis,disregard-selectiveattack>se-d tobe
thesameforbothensmels.Theincreasedcorrosionwiththecobalt-
bearingensmelsisrepresented,therefore,bythesmountofmaterial
removedfromthepitsformedbytheselectiveattack.

A secondseriesoftestswasmadetodetermineboththeeffectof
cobaltcontentandtheeffectofotheradherenceoxidesonthedepthof
corrosionoftheironduringa normalfiring.Figure7 isa plotof
thesedata.Itwillbenotedfrcxnthisfigurethatincreaseinthe
cobalt-oxidecontentincreasedthedepthofcorrosionoftheiron.

%’hegoldalloywasusedfortheinsertratherthsmgoldbecause
thealloy(aprecipitation-hardeningtype)wassufficientlyhardto

& preventflowingofthemetalduringthepolishingoperation.

.
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Nickeloxidewhenaddedas0.8percentbyweightincreasedthecorrosion
depthoverwhatwasobtainedwhennoadherenceoxideswerepresent.
Arsenictrioxidebehavedsimilmly.Copperoxideandantimonyoxide,on
theotherhand,gavenoincreaseincorrosiondepth.

AnalogouscorrosionofironInaqueoussolutions.-Theelectrical
conductivityofa ground-coat.enamelatthefiringtemperatureisesti-
matedtobeofthessmeorderofmagnitudeasthatofa 3-percent-by-
weightsolutionofsodiumchlorideatroomtemperature.Inbothcases
theconductionisionicandbothelectrolytesarecorrosivetosteel
underoxidizingconditions,thatis,ifdissolvedoxygenispresent.
Thetypeofattackonironinanaerated3-percentsodium-chloridesolu-
tionmight,therefore,beconsideredanalogoustotheattackbya molten
enamelelectrolyteduringfiringinanairatmosphere.Forthesame
reasons,ionsmorenoblethanironwhenpresentineitherelectrolyte
shouldhaveroughlycomparableeffectsonthetypeofattackandonthe
rateofcorrosionoftheiron.Forthistobetrue,theorderofthe
electrodepotentialsinthemoltenelectrolyteshouldbethessmeas
theorderinamaqueoussodium-chloridesolution.Thepotentialsin
moltenenamelhavenotbeendetemined}butnoimportantreversalsin
orderarebelievedtooccur.

Withthisanalogyinmind,experimentswereperformedwithaqueous
solutionsofsodiumchloride.Inthefirsttest,ingot-ironspecimens
withpolishedsurfaceswereimmersedinabout@O millilitersof3 per-
centsodimchloridefor4 hoursatroomtemperature.Airwasallowed
tobubblethroughthesolutionata constantrateofabout5 cubic
centimetersperminute.Examinationofthespechnensaftertestshowed
a minoramountofcmrosionwithpractica12.ynoselectiveattack.The
testwasthenrepeatedwithslmi.larspecimensexceptinthiscase
0.2percentofcupricchloridewasaddedtothefreshlypreparedsolu-
tionof3percentsodiumchloride.After4 hoursatroomtagperature
thespecimenswereremovedsndexamined.Considerablymorecorrosion
oftheironhad.occurredth= whenthecupricchloridewasabsent.In
addition,thesurfacewasdeeplypitted,indicatinga selectivet~e of
attack.Whencobaltouschloridewasusedratherthancupricchloride,
thesameeffectswerenotedbuttoa lesserdegree.6

6Ithasbeenknownfor many yearsthat-ironmaybecorrodedand
pittedbyanaqueouselectrol@ethatcontainssaltsofa metalmore
noblethaniron.However,nodatacouldbefoundintheliteraturein

‘whichthesaltconcentrationswerelowandtheelectrolyte was an aerated
sodium-chloridesolution;hence,thedescri~dexperimentswereperformed.
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. DISCUSSION

9

8
Asmentionedintheintroduction,theprincipalpurposeofthe.

presentpaperistoexaminecriticallythegalvaniccorrosiontheoryof
adherence.Theexperimentalworkdescribedintheprecedingsections
ispositiveinshowingthatgalvaniccorrosioncanoccurintheenamel-
ironsystemjustasitoccursonironthatisimmersedinanaqueous
electrolyte.Further,thedatashowthata~reciablegsJ.v@ccorrosion ““
canoccuriniron-cobaltcouplesduringtheshortfiringtimesencoun-
teredinnormalenamelingoperations.Thecompanionpaper(ref.2)shows
goodcorrelationbetweenanchorpointsontheironsurfaceandadherence
indexsothat,fromfirstinspection,itwouldappearthattheI)ietzel
theoryofgalvanicattackontheironbythemoltenenamelelectrolyte,
followedbymechanicalanchoringoftheensmelintotheresultingpits,
isanexcellentexplanationforthefunctionofadherenceoxidesin
ground-coatensmels.Whenthedatafrombothpapersarescrutinized,
however,severalanomaliesappearthatareinneedofexplanationbefore
thetheorycanbefullyaccepted.A discussionoftbse anomalies
follows.

.-

(1)Whydoescopperoxidefailtoperformasanadherenceoxide?
Thepresentstudyshowsthata copper-ironcoupleinanelectrol@eof
moltenenamelproducesgalvaniccorrosionoftheironasananode.From
theseresults,itislogicaltoexpectfromthetheorythatcopperoxide

d inthegroundcoatwouldactasa goodadherenceoxide.Thatsuchis
notthecaseisshownbythedataofthecompanionpaper(ref.2). The
datainthispapershowedthatcopperoxidenotonlyfailedtoaidthe

. adherencebyanymeasurablesmountwhenaddedas0.8percentbyweight7
butalsofailedtoincreaseappreciablythesurfaceroughnessexceptin
thecaseofthesandblastedspecimens.Figure7 alsoshowsnoincreasein
corrosiondepthwhencopperoxidewaspresentinthegroundcoat. .—

Thisfailureofthecopper-bearingensmeltopromoteadherenceon..
ironhasbeendiscussedbyDietzel(ref.10).Dietzelfoundthatcopper

-.

oxidewasreducedtometalliccopperwhenironoxidewaspresentinthe
enamel.Iron-oxidecontentsaslowas1 percentwerecapableofcausi~
thereductionofcopperoxidewhile10percentironoxidewasnecessary
beforenickeloxidewasreduced.Thus,heconcludedthatcopperis
reducedbytheiron-oxide-richenamellayerneartheinterfacebeforeit
cu makecontactwiththeironsurface.Becausethemetalliccopper
neverreachestheiron,nogalvaniccellscanbeformedandnopitting
oftheironsurfaceoccur.

@

.
Unfortunatelysucha hypothesisfailstoexplainwhytheensmel

containingcopperoxidedidnotgivegoodadherenceona sandblasted

7Thesamecoatingwithlowercontentsofcopperoxide.(downto
s 0.01percentbyweight)alsofailedtoimprovedtheadherence.
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surface.Inthecompanion-paper,ananchorpointcount--of693per
centimeterwasobtainedforthecopper-bearingenamelonsandblasted
ironasagainst173percentimeterforthes,meenamelwithnocopper
oxide.Thiscountof693shoulclbesufficienttoproducegoodadherence
ifthesespecimensfollowedthegeneralpattern,butthemeasured
adherenceindexwasonly7.0.Nosatisfactoryexplanationforthis
behatiorhasasyetbeendevised.

u
.

(2)Whydoestherougheningproducedbysandblastingfailtopro-
ducethesamepowerful-adherenceastherougheningthatisproducedby
theenamelduringfiring?Thedatainreference2 showthatroughening .
oftheironsurfacecausedbysandblastingpriort-oapplicationofthe
coatinghadonlya minoreffectonadherenceascomparedwiththe
rougheningcausedbytheattackofthemoltengroundcoat.Theexplana-
tionforthisbehaviorasgivenbyDietzel.(ref.10)isthatwhenthe
roughnessiscausedbygalvaniccorrosiontheenamelisalreadyincon-
tactwiththemetalsurfaceandthuspenetratesreadilyintothepits —
andcrevicesastheyareformed.WhenroughnessIsimposedpriorto
fusion,however,thesmallcavitiesarepocketedbyentrappedair,thus
preventingtheaccessofthemoltenenamel.

Thepresentauthorsfinditdifficultto.acceptsuchm explQ-
tion.Itwasobservedintheworkdescribedinreference2 thatthe
ensmelpenetratedreadilyintothepitsandcrevicescause~bysand-
blasting.Therefore,ifitisacceptedthatgoodpenetrationofthe
roughenedmetalsurfaceisalwaysachieved,”astheauthorsiobservations
wouldtendtoindicate,thenitfollowsthatcomparableadherence-should k
beobtainedwhethertheanchorpointswereformedbygalvanicattackor
bysandblasting.

i“
Itwasobsenedinthepresentstudythattheanchorpointsonthe

ironsurfaceformedfromsandblastingtendedtobelargerthanandOF
a somewhat-differenttypefromthoseproducedbythegalvanicattackof
themoltenenamel.However,ifthebondi~”iscausedbymechanical .

anchoring,itwouldseemthatthestrengthofthebondshouldbemainly
dependentonthenumberofanchorpointsperunitofarea.Itappears,
therefore,thatifadherenceiscausedsolelybymechanicalgrippingthen ‘“‘ =
comparableadherenceshouldbeobtainedwhethertheanchorpointswere
formedbygalvanicattackorbysandblastingpriorto-enameling.The
observationthatsuchisnotthecaseindicatesthatmechanicalgripping
isnottheonlyfactorresponsibleforadherencedevelopment-. —

(3)W does~tWnY oxideinthegroundcoatproducesurface
roughening(andfairadherence)onanirons

%
acethathasbeenpickled

andyethavenoappreciableeffectona polis
—.

d ora sandblast-cdsurface?
.-

Noexplanationfortheanomalousbehaviorofantimonycouldbedevisedby
theauthorsthatwouldconformwiththegalvaniccorrosiontheory. . .-

●
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.
Theseapparenti.contradictionsaxeweaknessesofthe

otherhand,thereareseveralperplexingqyestionsabout

-IL

theory.Onthe ..
adherencethat

* arereadilyexplainedbygalvaniccorrosion.Forexample,ihegalvanic
corrosiontheoryexplainswhyoWgen.isnecessaryduringfiring”‘t~er?-.

—

itexplainswhytheironsurfacebecomespittedduringfiringwhen
●

adherenceoxidesarepresentintheenamel.Infact,itmighteven
explaintheadherence-promotingfunctionofthenickeldip.8 The
nickel,accordingtothisexplanation,wouldbeexpectedtoplateout
preferentiallyoncathodicareasoftheironsurfaceduringthetreat-
mentinthenickel-sulfatesolution.Ifm enamelwarelaterapplied
tosucha surface,activegalvaniceel-J-s~th nickelcathodes@ iron.
anodeswouldbeproducedassoonastheenamelmeltedandbecamean
electrolyte.Theadherencewithnickel-dippedsteelwould,underthe
suggestedmechanism,becausedbygalvanicIcorrosionfollowedbya
mechanicalanchoringoftheenameltotheroughenedsteelsurface.Such
anexplanationofthefunctionofthenickeldipjhowever,shouldnot
beacceptedwithoutconfirmingexperimentalevidence.Theinvestigation
ofthenickeldipwasoutsidethescopeofthepresentpaper.

Theobservedsmallincreaseincorrosionofth6ironwhencobalt
ispresentinthegroundcoatisexplainablebygalvaniccorrosion.
ThisincreaseincorrosionhadbeennotedpreviouslybyKautz(ref.I-1)
whopostulatedthatthecobaltintheenamelactedasano~gencarrier;
thatis,thatcob&t,bychsmgingitsvalencestate,passedo~gen
throughtheenamellayertotheironsurface.AccordingtoKautz,this .●i
mechanismpreservedanoxidelayerattheiaterfaceandthisoxidelayer,
inturn,wasresponsiblefortheadherence.Thepresentworkdoesnot

s provethatsucha mechanismcouldnotbeactive,butitisbelievedthat
thegalvanictheorydoespresentamorelikelye@.anationforthe
observedincreaseincorrosionoftheironsurface.

CONCLUDINGF@lAIUG

A criticalexaminationofthegalvaniccorrosiontheoryofadherence
indicatesthatthetheoryhassomemeritsinexplainingthefunctionof
cobaltinground-coatensmels.Itwasdemonstratedthatgalvanic .,
corrosioncanoccurina moltenensmelelectrolyteundernormalfiring

‘Thenickeldip,ornickelpickle,iswidelyusedinenamelopera-
tionstoimprovetheadherenceofthegroundcoattothesteel.It
consistsofpretreatingwe previouslycleanedsteelsheetina dilute
solutionofnickelsulfatepriortocoatingapplication.The pH of .

h thesolutionofthistreatmentisadjustedtoobtainoptimumgalvanic
depositionofnickel.
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conditions.Further,itwasshownintheccmpanionpaper(NACATN2934)
thatithereisa goodcorrelationbetweenadherenceandthenumberof
anchorpointsontheironsuflace.Thus,thereis-goodsupporting
evidencethatthepowerfuladherencedevelopedwithcobaltenamels@
causedbymechanicalsnchoringofthecoatingtoundercutsfomedon
theironsurfacebygalvanicco?zosionresultingfromcobalt=ironcouples.
However, thetheoryisweakenedby(1)it-sfailuretoexplainadequately
whycopperoxidedoesnotperformasanadherenceoxideand(2)why
undercutsproduced.bysandblastingdonotresultinthesamepowerful
adherenceastheundercutsproducedbygalv~”iccorrosion.Itiseven
possible,butnotprobable,“thatthegoodcorrelationbetweensurface
roughnessandadherenceasreported@ t& c_cgpanionpaperisfortuitous
andthattheanchorpointsarerelatedtosomesecondeffe-ctwhichin
turnisthetruecauseofthebondingmechanism.It.isfelt,however,
thatthissecondaryeffect,ifsuchexists,mustinsomewaybeconnected
withthecorrosionoftheironthatoccurswhenadherenceoxidesare
present.

.

NationalBureauofStandards,
Washington,D.C.,October1,1952. :“

-.
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Figure1.-schematicdrawingillustrating the differences in corrosive
attack on iron by cobalt-free smd cobalt-bearing ground coats. lwing
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IRON

v.’
Figure2.-Interfacebetweeningotironanda normallyfiredground-

coatenazmlcontaining0.8percentbyweightC0304.Ironsurface

waspolishedpriortocoating.Unetched;X2,000.
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(a) Copperspecimenwithircmplug.

NACATN2935

*

(b)Ironspecimenwithcopperplug.

Figure3.. vPhotomi.cro~aphtakennormaltosurfaceof’a cle~ground
coatappliedovercompositespecimensofironandcopperthatwere

flatgroundpriortocoating.DarkerareasindicateregionsofacceleratedcQrrosionofironanode.Firinginbothcaseswaskminutesatl,5~°F. Obliqueillumination;XLO.

.

.
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. =25”” ‘- “-
Figure4.-Secti~nthrougha coatedspecimenconsistingofaningot-iron

plugcold-forged”intoa sheetof18-gagecobaltmetal.Surfaceof
compositespecimenwasgroundandpolishedpriortoapplicationof
cobalt-freegroundcoat.Notegreatercorrosionofironnesrthe
junction.Nitaletch;lQ,000.

*

. .T
tiilov .Iron ‘
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●

Figure5.- Illustrationoftechniquefor
iron(distanced)thatOCCUrSduring
trationwascoatedwitha cobalt-free
1,5’75°F. Nitaletch;X1,000.

measuringdepthofcorrosionof
firing.SpecimenusedforilJms-
enamel.Firingwas2 minutesat
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